Deployment of wireless sensor networks and wireless communication systems have become indispensable for better real-time data acquisition from ground monitoring devices, gas sensors, and equipment used in underground mines as well as in locating the miners, since conventional methods like use of wireline communication are rendered ineffective in the event of mine hazards such as roof-falls, fire hazard etc. Before implementation of any wireless system, the variable path loss indices for different work place should be determined; this helps in better signal reception and sensor-node localisation. This also improves the method by which miner carrying the wireless device is tracked. This paper proposes a novel method for parameter determination of a suitable radio propagation model with the help of results of a practical experiment carried out in an underground coal mine of Southern India. The path loss indices along with other essential parameters for accurate localisation have been determined using XBee module and ZigBee protocol at 2.4 GHz frequency.
Introduction
There have been several advancements in mining industry in last three decades, which have primarily focused on improvements in heavy machineries, support systems and safety equipment. Recently the focus has shifted towards development of communication systems for better safety and connectivity. In this context, Wireless Sensor Network (WSN) owing to its efficiency, speed and applicability in emergency conditions has come out on top [1] [2] [3] . The need of the hour is to achieve a reliable wireless system in the harsh underground mine environment [4] , in which radio propagation models are playing a vital role.
Recent studies have considered the underground mine as a hybrid case of regular and harsh environment and shown that the signal propagation models and critical parameters of wireless channel propagation for indoor environment is similar to underground mine scenario at 900 MHz, indicating that the wireless motes used in the indoor environment can be modified for use in mines [5, 6] . Zhang et al. experimented at 900 MHz with two different scenarios namely passageway and mining zone of longwall coal mine in order to evaluate the additional losses due to passage-way curvature and presence of coal mining equipment and subsequently modified the wave guide propagation model. The hybrid tunnel propagation model developed by them uses both free space propagation model and a modified waveguide propagation model to describe the propagation characteristics [7] . Some simulation tools have also been developed for path loss calculation and propagation modelling by taking into account the effects of barriers. The simulations were carried out by varying the frequency with standard tunnel dimension, shape and material properties; on comparison with an actual scenario, it was proved that the path loss is mostly dependent on tunnel dimension and signal frequency [8] .
With advancement in Micro-Electro Mechanical Systems (MEMS), nowadays transceivers working at 2.4GHz are available at a reasonable price [9] . The better performance of such transceivers in localisation within a small range is owing to high-directivity antenna and very high operational frequency resulting in presence of relatively less additional noise. Liu et al. studied the transmission performance of WSN near mine-working face at 2.4 GHz frequency and incorporated all the electromagnetic properties in their theoretical model and compared it with experimental results. The effective transmission distance was studied for IEEE 802.15.4 known as ZigBee protocol [10, 11] .
In this paper, the Radio Frequency (RF) propagation model has been prepared and the path loss of wireless signal at 2.4 GHz has been experimentally derived for the GDK 10A incline, a longwall underground mine of Singareni Collieries Company Limited (SCCL). Before implementing WSN, the path loss index and other parameters should be calculated to perform better localisation, base-station placement and optimisation, improvement in receiver design and combating the fading of signal [12] . The reception distance was determined by knowing the path loss of signal which decides the energy loss factor. The repeaters should be placed accordingly and their amplification factors should be set to different values to achieve a high efficiency wireless communication system for different environment.
The performance of ZigBee protocol using XBee module was experimentally studied for the aforesaid mine.
Radio frequency propagation models
A wireless propagation model can be defined as a mathematical expression or an algorithm for predicting radio characteristics of a particular type of environment. There are two types of wireless propagation model i.e. deterministic model and empirical model [12, 13] . The deterministic model does not fit into the real environment properly; however for low frequency waves, the results produced by the deterministic model are approximately equal to the actual result, with a very low rounding-error. Since the operating range is very less, elements present in the surroundings have a significant effect on propagation in the high frequency channel while variations due to environmental effects are largely insignificant in low frequency channel. The propagation models for wireless network are categorised into three types i.e. free space propagation model, two-way ground model and log normal model [12] . These models are deterministic with the exception of the log-normal model, which is empirical.
Free space propagation model
It is a simplified model which assumes line of sight communication between the transmitter-receiver pair and there is no obstruction present between them. The mathematical representation of the model can be written as
Where, and represent the power received and power transmitted respectively. is the constant depending on the transceiver and is the distance between the transmitter-receiver pair.
Two-ray ground model
This model is obtained by modifying the above model after taking into account the effect of reflection of signals. It is also assumed that both direct and reflected rays are used for communication. In this model the distance between the transmitter-receiver pair is much greater than the height of their individual heights and it can be represented as
Where, is the constant representing transceiver characteristic in the two-ray ground model.
Log-distance model
It is an analytical and empirical model which can be mathematically represented as
Where, represents the path loss factor or distance power gradient.
The experimental results vary from derived ones and hence for hostile environments like underground mines, the required model can be derived from shadow fading phenomenon.
At high frequency, power loss is different for different locations owing to obstructions present in the path between two communicating devices. In Figure 1 , a typical illustration of this fact is given where the dotted circle shows the ideal boundary of operation for an omnidirectional antenna placed at the centre, but the bold line shows the actual boundary of operation with a minimum and maximum range of R 1 and R 2 respectively due to presence of various obstructions. For this purpose empirical model is chosen over the deterministic model to predict or calculate power received at a particular distance from the transmitter [14] . provide higher accuracy in most cases, they fail in a harsh mining environment [15, 16] . Therefore,
The distance or range of signal could be calculated accordingly to the loss factor of the environment from the RSSI based equations as given in (4) and (7).
Shadow fading model and proposed scheme for parameter determination
The Log distance model can be represented more accurately by introducing a Gaussian distribution variable to represent the fading or fluctuation of received signal strength. The modified model is called
Log-normal Shadowing model and it is most appropriate for wireless sensor networks since it is all inclusive in nature and can be easily configured according to the target environment [17] . The mathematical equation for the above relation can be defined as
Where,
and is the near earth reference distance. The random variable is the Zero-mean Gaussian random noise whose probability distribution fiction is given by
The value of depends on the surrounding or propagation environment as per equation (4). The distance is taken to be one meter for simplicity of calculation and it can also be represented in the terms of received power or RSSI as
In equation (4), there are two unknown terms i.e. and which should be determined from experiments.
The linear regression analysis for the data set with distance and received power as attributes gives the value, which can be further used for that particular place with unknown distance and known received power to localise a wireless node.
In equation (4), the ( ) and ( ) , so it can be mathematically proven that ( ) and ( ) . This relation shows that the function has the same distribution as , where represents Zero-mean Gaussian distribution with unit variance. Equation (4) can be modified as
Assuming maximum error with 95% confidence interval, the value can be replaced by 1.96 , which
But, from the experiment carried out in the coal mine, the observational analysis shows that the standard deviation varies as a function of distance and on the basis of huge amount of experimental evidence, we claim it to be a forth degree polynomial function
Now the observational error can be defined as the difference of these two terms i.e., experimental and observational .
For avoiding negative error and for solving this, the objective function can be written as
To obtain the values of the coefficients of the polynomial, i.e. a, b, c, e, and f, partial derivative method is adopted and it can be mathematically represented as the following set of equations
The above set of equations can be solved in the matrix form, to obtain the coefficients
By knowing the coefficients and path loss index for a particular place the standard deviation and the power loss due to fading can be calculated for new set of data with known RSSI and unknown distance, for accurate localisation.
Mining conditions of GDK 10A mine
GDK 10A incline of SCCL is situated at Ramagundam in Telengana, India in the Godavari valley coalfield. In Figure 2 schematic layout of a longwall mine is provided. The minimum and maximum depths of Seam-1, where experiments were carried out, are 175m and 310m respectively with a seamthickness of 6.5m. 
Experimental set-up and procedure

Instruments and setup
A pair of XBee series-1 modules, one being used as a transmitter and the other as a receiver, which implement ZigBee protocol, each capable of transmission or reception, were used for wireless communication at 2.4 GHz. The specification of the XBee module is given in (which was used in this study), the data is sent in the form of packets that include the receiver address along with a feedback for the delivered packets, payload information and various parameter settings to increase the reliability of the network and to send the signal safely over the wireless network [18] . For use in underground mine, the electronic instrument must be intrinsically safe to avoid any fire hazard. Since ZigBee protocol based wireless modules have been used in underground mines worldwide, they can be considered as intrinsically safe for most of the underground mining scenarios in India [19] .
Parameters required for the XBee module to be intrinsically safe are specified in Table 2 [20] . The
ZigBee protocol is based on the Carrier Sensing Multiple Access (CSMA) with Collision Avoidance (CA) channel access to provide energy saving, latency and negligible error in the received data packet.
Direct Sequence Spread Spectrum (DSSS) modulation is used in the PHY layer that has high resistance for noise or jamming. ZigBee standard supports star, tree and mesh network, thus permitting numerous applications. In sleep mode it uses only 0.1 that helps in energy saving during its idle period. It supports AES-128 encryption that converts a 128 bit plain-text to a 128 bit cipher-text. It has a capacity to acquire more than 256 peer to peer connections in a master-slave configuration; which is very high compared to other wireless protocols used in day to day life. 
.4 Properties Values
Maximum power at antenna connector 2mW Maximum current at antenna connector 7mA (AC current at 2.4GHz) Sum total of all capacitance on PCB 757pF Sum total of all inductance on PCB 60nH Largest capacitor on PCB 220pF Largest inductor on PCB 56nH
The experiment was divided into two parts namely RSSI and Range test; RSSI test provides the data for determining path loss index and various parameters affecting the localisation and fading of power and Range test gives the operation range of aforesaid module in different underground mine scenarios.
RSSI-test
First set of readings were taken at the Longwall-face with shearer, hydraulic power supports, AFC, Stage
Loader and other machineries which obstructed the wireless signal. To avoid fast fading of signal the readings were taken in a static environment free from the presence of moving machineries or men in between the transmitter-receiver pair. Second set of readings were taken beside the belt conveyor system, in running condition, installed in the gate-road of the mine, which would have created some fast fading.
Range-test
The range test was conducted in three different places, i.e. near the Longwall-face, the belt-conveyor system and in the inclined mine-car pathway.
Experimental Procedure
Firstly, RSSI-test was performed and readings were taken by fixing the transmitter node at the beginning of the Longwall-face close to the hydraulic powered roof support at a height of 1.5m from the floor. Both the transmitter and receiver setups were kept at a distance of 1m and 2m from the chocks and the working face respectively. The transmitter node was programmed to send 100 packets with a delay interval of 500ms between two subsequent packets and LCD showed the average RSSI over these 100 packets.
Twenty number of RSSI readings were taken at each position of the receiver node and the same procedure was repeated up-to a distance of 20 meter with one meter step size. The Packet Received Rate (PRR) was also calculated and displayed on the LCD at one meter distance interval and all the readings were taken in line of sight condition. The second set of readings was taken on gate-road near the belt-conveyor system.
The transmitter node was fixed at a location exactly 1m above the floor, half a metre away from the belt conveyor and the receiver node was kept at varying distances (1-20m) from the transmitter node along the passage.
The Range-test for the XBee module was then carried out sequentially in all the three areas by fixing the transmitter node at a particular location and moving the receiver node away from the LCD till it showed a '0' value for the RSSI and indicated that, the packet sent by the transmitter could not be received beyond that particular distance.
Results and Analysis
The data collected near the working face and the belt-conveyor gate-road are represented in Table 3 and 4 respectively and the standard deviation was calculated for each set of RSSI values on every location.
The Standard Deviation ( ) can be calculated as
Where, is same as of equation (9) for a particular distance . represents the different RSSI values recorded at each distance , is the mean RSSI and is the total number of observations i.e.
20. The integer variables and both vary from 1 to 20. MATLAB version 7.6.0.324 r2008a was used for the linear regression analysis model and the slope of the fitted gradient-line denotes the path loss index for the place of experiment, which was found to be 2.14. 
Conclusion
This study reveals that the efficiency of a communication system is dependent on the underground minesurroundings. Before implementing any wireless system in underground mines, the path loss index and the variance of Gaussian distribution representing the shadow fading effect for that place should be determined. This helps in determining the distance at which repeaters should be placed in order to enhance the signal and localise the sensor node from its received signal strength. With increasing number of physical obstructions, the value of path loss index increases, resulting in total loss of signal beyond a particular range. The XBee module facilitates satisfactory wireless communication over an adequate range of operation with negligible packet error rate. The PRR depends upon transmitter-distance and dynamic behaviour of the surroundings. These intrinsically-safe modules are economic, energy-efficient and fortify the mine safety system by enhancing tracking of miners and real-time data acquisition from sensors. The experiment was carried out in a hazard-prone underground coal mine. The experimental results may vary for different underground mines other than coal, due to the variation in earthy material, dimension of tunnels, passages, galleries and working areas depending on the mining method adopted.
Two nodes have been used for experiment in this paper; to ensure viability of ZigBee protocol further study may be carried out to analyse the network performance using more than two nodes.
